The 26 members of the Alphavirus genus of the family Togaviridae are mosquito-borne viruses that form an important group of disease agents (1) (2) (3) . The New World alphaviruses include western equine encephalitis virus (WEEV) and eastern equine encephalitis virus (EEEV), both of which are capable ofcausing encephalitis in humans and causing severe disease in horses. WEEV has a wide geographic distribution, being found from western Canada to Mexico and, discontinuously, to Argentina. WEEV is transmitted in the western United States by the mosquito Culex tarsalis; birds serve as an important vertebrate reservoir. In the eastern United States, WEEV is replaced by Highlands J virus (HJV), whose primary vector is Culiseta melanura. From serological studies (3, 4) and from limited sequencing studies (5, 6) , WEEV and HJV are known to be very closely related, and HJV can be considered to be a strain of WEEV (2) . In the eastern United States, the range of HJV overlaps that of EEEV, whose primary vector is also Cs. melanura. Other New World alphaviruses include Venezuelan equine encephalitis virus (VEEV), found in Central and South America; Fort Morgan virus, found in Colorado; and Aura virus, found in South America.
The Old World alphaviruses include Sindbis virus, the prototype alphavirus; Semliki Forest virus; Chikungunya virus; O'Nyong-nyong virus; and Ross River virus. Sindbis and Semliki Forest viruses have been intensively studied as models for alphavirus replication (7) . Sindbis virus is widely distributed, being found in Europe, India, southeast Asia, Australia, and Africa. Close relatives of this virus, such as Ockelbo virus in Europe (8) and Babanki virus in Africa, cause disease in humans characterized by fever, rash, and arthritis. Chikungunya and O'Nyong-nyong viruses have caused large epidemics in Africa of a dengue-like disease also characterized by fever, rash, and arthralgia. Ross River virus is the causative agent of epidemic polyarthritis in Australia and the South Pacific.
Complete or partial RNA sequences have been obtained for Sindbis virus (9) , Semliki Forest virus (10) (11) (12) , Ross River virus (13) , EEEV (14) , and VEEV (15) . Comparison of these nucleotide sequences and their encoded amino acid sequences has demonstrated that the alphaviruses are related by linear descent from a common ancestor (7) . The relationships found are compatible, for the most part, with those derived from studies of serological cross-reactivity, which depends only upon antigenic epitopes in the structural proteins. In serological studies, however, WEEV has always been something of a puzzle. It Evolution: Hahn et al.
were sequenced by using the chemical sequencing method (18, 19 Fig. 1 . This sequence begins in the region encoding the carboxyl terminus of nonstructural protein 4, continues through the junction region between the nonstructural and structural proteins containing the start of the subgenomic mRNA that is translated to give the structural proteins (20) , and progresses through the coding sequence of the three structural proteins of the virus (a nucleocapsid protein, C, and two envelope glycoproteins, E2 and El) and finally Proc. Natl. Acad. Sci. USA 85 (1988) through the 3'-terminal untranslated sequence, which ends in a poly(A) tract.
We have previously sequenced the amino termini of the three structural proteins of the McMillan strain of WEEV (isolated in 1941 in Canada from the brain of a fatal human case) and thus established the start points of the structural proteins (21) . Comparison of the amino acid sequence of the McMillan strain with that deduced here for the BFS1703 strain (isolated from mosquitos in 1953 in California) reveals four amino acid differences in 142 amino acids for which comparison is possible (one in C, one in E2, and two in El). However, reevaluation of the original data for the McMillan strain suggests that the apparent difference in the capsid proteins may result from a misscall in the McMillan sequence and that there are no differences between the capsid proteins (20) , are compared for the three viruses in Fig. 3a and WEEV terminate at the same residue, whereas the Sindbis virus protein terminates downstream.
The sequences at the 3' termini of WEEV, EEEV, and Sindbis virus are shown in Fig. 3b . The 3'-terminal 19 nucleotides have been proposed to form an important element in Alphavirus RNA replication because they are highly conserved among thembers of this genus (6) , and this sequence element (underlined in Fig. 3b ) is invariant among these three viruses with the exception of the sixth nucleotide from the end. The nucleotides upstream of this are A/U rich and not particularly conserved among alphaviruses, but in this domain the sequences of WEEV and EEEV are almost identical, whereas that of Sindbis virus is more variable.
These results show that within the region examined, the WEEV nucleotide sequence is recombinant, with both the 5' and 3' ends derived from an EEEV-like virus and the intervening glycoprotein genes derived from a Sindbis-like virus. We presume that the 5'-terminal two-thirds of the genome, which has not yet been sequenced, is also derived from the EEEV-like, virus. Partial support for this comes from our previous finding that the 5' terminal sequence of HJV is similar to that of EEEV (5) .
The Recombination Events. Our interpretation of the sequence information is shown schematically in Fig. 4 , which is included in part to illustrate the structure of the alphavirus genome. In this model, close inspection of the aligned sequences in Fig. 2 (31, 32) , and it may be that the ability to undergo ready recombination conveys significant selective advantage. Among the nonsegmented RNA viruses, recombination has been in general more difficult to demonstrate, but it has been shown to occur in the picornaviruses (33, 34) , the coronaviruses (35, 36) , and the bromoviruses (37), although not before now in the alphaviruses. In poliovirus, recombination occurs by a copy-choice mechanism during RNA replication (24) , and it is assumed that all RNA recombination (as opposed to reassortment) occurs by this mechanism. Although well established in principle, evidence for the importance of recombination in nature as a mechanism that leads to successful new strains is limited. In the case of poliovirus, recombination has been shown to occur in vaccinees that have simultaneously received high doses of three attenuated viruses (34) , but this is not a natural system. The finding that WEEV, a virus with a wide geographic range, is a naturally occurring recombinant lends support to the hypothesis that RNA recombination is an important force in the evolution of RNA viruses. In this particular case, it has given rise to a new virus that combines the disease-causing potential of EEEV with new antigenic properties from a Sindbis virus-like virus.
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